A multi-layer extension of the semi-empirical electron transport model developed by Burke and Garth (1976) has been developed. The model has been programmed in Microsoft BASIC for the IBM personal computer and runs from 2-10 minutes for single photon energies depending on the number of layers. Model predictions for Au/Al and Al/Au/Al dose profiles agree well with the Cobalt-60 data of Wall and Burke using the best fit spectrum recently derived by Woolf and Garth using the ONETRAN code. A demonstration calculation of the relative dose profile in a 10-layer CMOS device for 200 keV x-rays is given.
Introduction
For some time, the author has been intrigued with the possibility of developing a simple electron transport program for a personal computer which will rapidly calculate the dose profile in a multi-layered device structure due to an arbitrary x-ray spectrum. Such a program would be very useful to those wishing to know the "dose enhancement" occurring in a device in a radiation environment of practical interest.
At the present time, the Monte Carlo method is the principal method available for calculating dose profiles in complex device structures. A Monte Carlo code such as TIGER [1] requires a high-speed "mainframe" computer; accurate TIGER runs for dose calculations due to x-rays can be quite expensive. The author is aware of a recent study [2] which used the TIGER code to study the dose in certain critical regions of a 10-layered CMOS device for a variety of x-ray spectra and shielding conditions. It is an open question how valid the "condensed history" approach used in TIGER is for layers of micron size; however, the purpose of this paper is to show that similar studies can now be made much more easily and inexpensively using a personal computer.
Electron Transport Model
The algorithm we have developed, known as "MULTILAYER", is based on the semi-empirical model of Burke and Garth [3] . This model was extended to gamma-ray energies using a simple "rod model" transport equation by Garth [4] . This term (Compton, photoelectric, Auger, etc.) in each layer are needed: the initial electron energy, the "interaction coefficient" [3, 4] and an anisotropy parameter that takes into account the directionality of the initial electrons [4] .
The transport equation model of reference 4 is a one-group, discrete ordinates (S-2)" model which can be solved analytically (rather than by the commonly used finite difference techniques). In the algorithm described here, the model is solved in N regions (up to 10) instead of 2 regions. 2(N-1) linear equations consisting of the boundary conditions of continuity of the electron flux at each boundary plus infinite medium boundary conditions at the end faces of the N-layered system lead are solved for 2(N-1) dose parameters. The matrix of coefficients in these equations has the form of a penta-diagonal matrix; a rapid penta-diagonal equation solver [5] was employed to obtain the coefficients of the exponential dose terms.
The output of the algorithm consists of three profiles each of which can be selected for plotting across the multi-layer structure. The first is the photon dose profile (in units of keVcm2/gm), also known as the "equilibrium" dose profile, which takes into account photon attenuation across each layer; this is the dose calculated when electron transport is neglected. Note that no fluorescence or scattered photon contributions have been included in the algorithm.
The second profile calculated is the electron ("actual") dose profile (in keVcm2/gm ) which equals the photon dose profile with all exponentially-varying electron dose terms added to it. As an improvement over the model in reference 4, we have taken account the effect of photon attenuation on the strength of the electron sources induced by the photons.
Finally, the relative dose profile (dimensionless) is found, which is the electron dose divided by the photon dose. This quantity might also be called the "theoretical dose enhancement factor" and is not necessarily equal to the experimental dose enhancement factor obtained by dividing the measured dose in a device by the dose measured under equilibrium conditions. (To illustrate this, we note that the MULTILAYER algorithm will not calculate the "true" dose found in oxide layers. As for any high energy transport model, e.g., TIGER [1] , electron transport in the MULTILAYER algorithm is considered terminated at some energy above 1 keV. The dose measured in silicon dioxide [6] and treated theoretically by Hamm [7] and Brown [8] appears to require consideration of electron transport down to energies of a few eV as well as electron-hole recombination.)
Algorithm Description
Algorithm Structure
The algorithm was written in Microsoft BASIC for an U.S. Government work not protected by U.S. Copyright. IBM-PC (or compatible) microcomputer. As shown in the diagram in Fig. 1 , it presently consists of six parts, with each "PHASE" module containing about 200-300 lines of code and the MAIN module somewhat less. The six parts consist of:
(1) A main program "MAIN" which calls the remaining modules. It is used either (a) to run a full calculation of dose profiles for a given problem or "case" using the modules "PHASE 2","PHASE 3", etc. or (b) to call in the module "PHASE 1" to edit a new "case", (2) An input module, "PHASE 1", for specifying the number of layers, layer materials and dimensions and a single photon energy and direction. (Calculations for an x-ray spectrum are obtained by linearly combining monoenergetic photon results.). Fig. 2 At present, runs for photon spectra are made by running separately the individual photon spectrum components and, using another program, calculating weighted photon and electron dose profiles using the spectral weights of the components. The relative dose profile for the spectrum is calculated by taking the ratio of the spectrally-weighted electron and photon profiles. (We intend to include this spectrum capability in the distributed version of MULTILAYER.)
Several obvious extensions to the algorithm would be to: (1) treat a larger number of layers, (2) extend the photon energy range to below 10 keV, (3) increase the number of elements and compounds treated, and (4) incorporate vacuum boundary conditions at the end surfaces (which would increase the number of exponential terms for each separate electron source interaction term by two). It would also be useful to calculate the average dose (dose enhancement) over each layer. Most of these additions will be included in the version of MULTILAYER to be distributed.
Results
We give some results and illustrate some calculational capabilities of MULTI-LAYER with three examples: a well-known two-layer problem "Au/Al" [6] , a three-layer problem "Al/Au/Al": a sandwich with a thin 12.7 micron layer between two thick Al layers (500 mg/cm2 and 776 mg/cm2), and finally a 10-layer CMOS device structure [2] .
A 2-layered System: Au/Al In Fig. 3 , the photon dose profile has been calculated using a four-component photon spectrum consisting of 73.37 % 1250 keV, 9 .43% 300 keV, 7 .95% 200 keV, and 9.25% 150 keV photons. Throughout this paper we will refer to this spectrum as the "Cobalt-60
Photon Spectrum". This spectrum was obtained by fitting a linear combination of monoenergetic electron dose profiles (calculated using the ONETRAN code) to the data of Wall and Burke [9] (see details given in ref. 
2R97C068
right next to the interface on the aluminum side is very similar to that observed experimentally by Wall and Burke [9] . Fig. 5 gives the corresponding profile when photons are directed toward the left.
In Fig. 6 [11] , specifically a 12.7 micron (24 mg/cm2) thick layer of Au sandwiched between two layers of Al 500 and 776 mg/cm2 thick respectively. Again, the "Co-60 Photon Spectrum" was used. The Au layer is sufficiently thin that only a small perturbation to the dose profile in aluminum near at the gold is produced.
In Fig. 9 Fig. 6 , the solid curve obtained from the MULTILAYER model is shown along with the ONETRAN prediction [10] and experimental data points from reference 11. However, in contrast with Fig. 6 
Summary
We have developed a simple numerical method for calculating dose profiles in multi-layered devices due to x-rays; it has been coded in BASIC and runs in a few minutes on an IBM-PC (or compatible) microcomputer. This program provides a convenient and economical alternative to Monte Carlo calculations with large mainframe computers.
Figs. 10 and 11 show that the MULTILAYER model gives dose profile predictions for device structures with as many as 10 layers with arbitrary layer materials and thicknesses. It is expected that users of the program will include experimenters doing x-ray dosimetry and parts testing and system designers desiring to estimate the response of devices to different nuclear radiation environments.
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